(1'16-1-71) respectively. The RR (95% CI) for kidney cancer was also high, but did not reach significance (1.19 (0-96-148)).
A separate analysis of studies of heavily exposed workers provided slightly increased RRs for cancers of the stomach (1.50) and lung (1.42).
Conclusions-The findings from the workers with heavy exposure to lead provided some evidence to support the hypothesis of an association between stomach and lung cancer and exposure to lead. The main limitation of the present analysis is that the excess risks do not take account of potential confounders, because little information was available for other occupational exposures, smoking, and dietary habits. To some extent, the risk of lung cancer might be explained by confounders such as tobacco smoking and exposure to other occupational carcinogens. The excess risk of stomach cancer may also be explained, at least in part, by non-occupational factors. For bladder and kidney cancers, the excess risks are only suggestive of a true effect because of possible publication bias.
(Occup Environ Med 1995;52:73-81) Keywords: lead; neoplasms; meta-analysis Lead, one of the metals longest known to humans, is a major occupational toxin. Although poisoning due to occupational exposure to lead has been recognised for over 2000 years, the importance of lead in industry has led to its widespread production and use particularly for storage batteries. Whether lead is a carcinogen, however, is still not known. In 1980 and 1987, the International Agency for Research on Cancer (IARC) evaluated the evidence for carcinogenicity of lead and its compounds' 2 and classified lead and inorganic lead compounds as possible human carcinogens (IARC group 2B), on the basis of sufficient evidence for carcinogenicity in experimental animals but inadequate evidence for carcinogenicity in humans. Also, two epidemiological studies have focused on exposure to organolead compounds. One found a prevalence of 5% (7/139) for skin cancer among workers exposed to tetraethyl lead, and among non-exposed workers of 2-9% (4/139). 3 The other found excesses of respiratory cancer (observed three, SMR 1-34, 90% CI 0 82-2 05) and brain cancer (observed three, SMR 1 86, 90% CI 0-51-4-82) in a cohort of 2510 workers who manufactured tetraethyl lead.4 Based on this inadequate evidence from human as well as animal studies, organolead compounds were placed in group 3 (not classifiable as carcinogenic to humans) by IARC.' 2 Insufficient statistical power is one potential reason for the inconsistent findings from epidemiological studies of occupational exposure to lead, as well as variability of type, level of exposure, and differences of study design. Although several reviews on carcinogenicity of occupational exposure to lead have appeared,5 none of these has provided a quantitative meta-analysis. The purpose of this review is to examine the complete scientific literature and carry out a quantitative assessment (meta-analysis) of the epidemiological results available on the carcinogenicity of exposure to lead and inorganic lead compounds (from now on referred to simply as lead). In an extended cohort of 1898 pensioners from four lead acid battery companies in England based on the earlier study there was no excess of deaths from all malignant neoplasms.'4 An excess of observed (136) Printing trades-Diseases related to lead have long been one of the occupational hazards of the printing trades, although the use of lead has been almost entirely eliminated in recent years with the introduction of photocomposition. Major occupational exposure to lead often occurred among compositors and stereotypers. There were many studies concerned with the mortality from cancer in printing workers, but only four dealt specifically with the occupations related to exposure to lead. Goldstein et al compared the 15 year mortality of pressmen exposed to oil mist with that of compositors in the printing industry, and found a slightly higher incidence of lung cancer in the compositors (six observed, incidence 1 170/1000) than in the pressmen (three observed, incidence 1.073/1000).22 Another mortality study among pressmen and compositors showed crude, non-specific death rates/1000 of 12-8 for pressmen and 14-0 for compositors and mortality from all malignant neoplasms of 2-40 for the pressmen and 2-94 for the compositors.23 Bertazzi 32 An excess of deaths from multiple myeloma was confined to white workers in the composing room, where lead was the major occupational exposure.
Case-control studies Table 4 shows the results of case-control studies based on industry.
Based on a cohort study of 4393 employees in a non-ferrous smelter where exposures to cadmium, zinc, sulphur dioxide, arsenic, lead, and dust occurred, a nested case-control study of lung cancer was conducted to identify carcinogenic effects from specific departments, processes, and contaminants." Among various contaminants studied, cumulative exposures to lead, as well as to arsenic, were correlated with an increased risk of lung cancer.
A study of death certificates dating back to 1926 was carried out for a total of 2073 men who were employed in several manufacturing facilities that included plastics, electrical equipment, and engineering factories as well as those producing lead acid and other batteries. Among these men, 867 who were considered to have had high or moderate levels of exposure to lead (group 1) and 1206 men with little or no exposure to lead (group 2)
were chosen for a case-control study.'4 For each cause of death, deaths from other causes were used as controls. There was no difference found for all malignant neoplasms between the two groups over the whole period, with an OR of 0 95. There was, however, a clearly diminishing gradient in the ORs for cancer of the digestive tract from 1 58 in the period [1926] [1927] [1928] [1929] [1930] [1931] [1932] [1933] [1934] [1935] [1936] [1937] [1938] [1939] [1940] [1941] [1942] [1943] [1944] [1945] A case-control study, which included 826 histologically verified cases of urinary bladder cancer and 792 randomly selected controls from the general population, was conducted in Canada.'5 The ORs for occupational exposure to 18 classes of substances were calculated. For men, a significantly increased risk was seen only for exposure to tars, asphalt, and to lead compounds. Furthermore, a significant trend in risk with duration of exposure to lead compounds was also found (P = 0-008).
Wingren and Axelson conducted a casecontrol study of risk of cancer for glassworkers in Sweden,'6 based on a preliminary study in three parishes with glass industries.'7 The registers of deaths and burials in a total of 11 parishes in 1950-1982 were used as the source of subjects. A moderate but significant increased OR was found for glassworkers for total cancer (1-2; 90% CI (1-02-1-4)), stomach cancer (1-5; 1-1-2-0), colon cancer (1-6; 1.04-2-5), and lung cancer (1-7; 1 1-2 5). A separate analysis for occupational titles showed that the highest risks for the three sites of cancer was among glassblowers. For the group of unspecified glassworkers, significantly increased risks were seen for colon cancer and lung cancer. The authors later attempted to identify certain exposures as determinants of the cancer risks. 38 The risk of stomach cancer in particular was associated with exposure to arsenic, copper, nickel, manganese, and to some extent lead and chromium. For colon cancer, an increasing trend in risk was seen with increased use of antimony and lead. For lung cancer, no obvious trend with exposure to any metal was found.
Siemiatycki conducted a case-control study of 3730 cases with histologically confirmed cancer and completed interviews in the Montreal metropolitan area in Canada. 39 From the assessment of occupational exposure to 293 substances, he found a positive association at the 10% significance level between exposure to lead compounds and cancer of the stomach, lung, bladder, and kidney after controlling for age, cigarette smoking, family income, ethnic origin, and blue or white collar occupation. A case-control study of 12 916 men based on death certificates of white and black men in Illinois, USA showed a significantly high OR of 3T0 (eight cases) for brain cancer among white manufacturers of glass and glass products.40 Table 4 shows the results of the community based case-control studies.
Combination of epidemiological studies
To obtain a quantitative picture of the risk of cancer due to exposure to lead, a meta-analysis was conducted by combining the results from the analytical epidemiological studies reviewed. Attention was focused on overall cancer, stomach cancer, lung cancer, kidney cancer, and bladder cancer. Only the most recent updated studies were included if there were several studies conducted in the same population. Meta-analysis was done with the fixed effect approach described by Greenland.4' Briefly, the statistical component of a study weight, w, is the inverse variance computed from the estimated standard error, SE, as 1/SE2. The weighted mean B of summary effects from the study results is the weighted sum of the results, divided by the sum of the weights, (B = 2wb/Zw). The estimate s of the standard error of this mean is the inverse of the square root of the sum of the weights, s = 1/ 2w. The RR of the metaanalysis as the summary effects is given by exp(B) and 95% CI for the summary effects by exp(B ± 1 96s). A rough test of whether the assumed common value is zero is given by Z = B/s, which has a standard normal distribution if the assumed common value is zero. A statistical test of the homogeneity assumption is given by X'h = Zw(b -B)2. When heterogeneity was indicated the random effect approach was used to estimate the summary effects (B) and its standard error (SE).42
No correction for confounders was made because there were no data available in most reports. Table 5 summarises the results of the combination of the case-control and cohort studies except for two mortality studies that lacked an estimation of cancer risk. 1-16-1-71) and 1-33 (1-18-1-49 ), respectively. As there was heterogeneity of the RR for lung cancer across the studies, the random effect approach was used to estimate the summary effect; an RR of the meta-analysis (95% CI) for lung cancer of 1-29 (1-10-1-50) was obtained, compared with a fixed effect RR of the meta-analysis of 1-24 (1-16-1-33). The RR of the meta-analysis for kidney cancer was raised, but not significantly.
When meta-analysis was restricted to studies that were conducted in battery or smelter industries where exposure to lead was heavy, higher risks for cancers of the stomach, lung, and kidney were found compared with those in the total studies. The risk for stomach cancer increased from 1-33 to 1-50, lung cancer (random effect model) from 1-29 to 1 42, and kidney cancer from 1 19 to 1-22 (table 6). As there was only one study that showed any result for bladder cancer, no combined analysis was made for that.
Discussion
Although the separate epidemiological studies have yielded inconsistent results, our metaanalysis indicates that there is a significant excess of deaths from stomach cancer, lung cancer, and bladder cancer among workers exposed to lead. Exposure to lead in different industries varied greatly. It was thought that exposure levels in battery or smelter industries are much higher than those in pigment, printing, or glassworks. The analysis for the studies in the industries with heavy exposure to lead produced risks for stomach cancer and lung cancer about 20% higher than those in studies with a range of exposures. The findings further provide positive evidence to support the hypothesis that there might be higher risks for stomach cancer and lung cancer among the workers exposed to lead.
Based on the findings from experiments, Goyer raised a hypothesis on mechanisms of carcinogenesis from lead including mutagenicity, a nuclear protein effect, tumour promotion, cellular proliferation, and cystic hyperplasia induced by lead. Lead is a weak mutagen in mammalian cell systems through indirect mechanisms that include disturbances in enzyme functions that are important in DNA synthesis or repair and in the control of the DNA helical structure.43 Low concentrations of lead acetate can activate partially purified protein kinase C from rat brain. This finding indicates that lead may be acting as a cocarcinogen or tumour promoter. 44 Together with activation of the enzyme protein kinase C, formation of nuclear inclusion bodies composed of a non-histone acidic protein complexed with lead may influence regulation of cellular growth and division.45 These events could constitute a basis for carcinogenesis induced by lead.
A limitation of most of the studies reviewed is a lack of data on the level of cumulative exposure to lead, as well as on potential confounders such as smoking and dietary habits, and exposure to other chemicals. Furthermore, no attempt was made in any study to identify the effects of different types of lead compounds. Animal experiments have indicated that some compounds (lead acetate, lead subacetate, and lead phosphate) cause tumours, whereas the evidence of carcinogenicity for others such as metallic lead and lead oxide is still inadequate.' Another limitation of meta-analyses is publication bias, due to the fact that positive results may be more likely to be published, and the published studies may fail to mention negative results. In 14 studies with results for several sites of cancer (ignoring the case-control studies specific for a cancer site), 13 present results for lung cancer, nine for stomach cancer, five for kidney cancer, and four for bladder cancer. This could imply that the pooled results may have an overestimation of the risk of kidney and bladder cancers due to unpublished negative results; the pooled results on lung cancer, on the other hand, are less likely to have been influenced by such bias.
LUNG CANCER
Tobacco smoking is the most important cause of lung cancer, and most of the studies reviewed did not provide any information on this factor. According to an estimate by Siemiatycki et al,46 the confounding by cigarette smoking in most occupations amounted to no more than an OR of 1 2, which is close to the present RR from the meta-analysis for lung cancer in the total studies (1 29) but less than to that from the studies with heavy exposure to lead (1 -42). Therefore, it is unlikely that confounding from tobacco smoking completely explains the excess risk of lung cancer among the workers with heavy exposure to lead. One study has found that after adjustment for smoking, ethnic, and socioeconomic factors, there remained a high risk of lung cancer for exposure to lead compounds. 39 In experimental studies, the risk of lung cancer due to exposure to lead might also be raised through exposure to other carcinogens. Kobayashi and Okamoto found that lead oxide, given concurrently with benzo[a]pyrene by intratracheal injection, had a cocarcinogenic effect in the production of bronchoalveolar neoplasms in hamsters. 47 Also, workers exposed to lead in the workplace may be simultaneously exposed to other substances such as arsenic, cadmium, and chromium, which have been confirmed to be carcinogenic.48 In a study of non-ferrous smelters, Ades 54 In the studies reviewed, none provided information on these risk factors. If the criterion of < 20% confounding by non-occupational factors is applied,46 the RR of the meta-analysis of 1-33 for stomach cancer is unlikely to be entirely due to non-occupational factors, in particular the RR from the meta-analysis of 1 50 for heavy exposure to lead. The case-control study of stomach cancer among the battery workers did not detect any association of the high risk for stomach cancer with exposure to lead.'0 Other occupational exposures that are suspected to be associated with risk of stomach cancer include asbestos, wood dust, nickel, chromium, and probably nitrosamines as well as some working processes. 55 No clear evidence, however, suggested that workers involved in the studies reviewed had experienced exposure to such substances possibly associated with stomach cancer, although the possibility could also not be ruled out.
BLADDER CANCER
It is estimated that about 30%-40% of bladder cancer in men is attributable to cigarette smoking, and 10%-50% is due to occupational exposures. 55 The best known occupational association with bladder cancer is exposure to aromatic amines. Bladder cancer is also associated with exposure to PAHs, dust, and heat risk factors.55 During metal smelting, exposure to PAHs and heat also occurs. Also, the raised RR in the metaanalysis for bladder cancer is more likely to be affected by publication bias than that of stomach cancer and lung cancer, because only four studies presented the results of bladder cancer in 14 studies reviewed.
KIDNEY CANCER
A non-significantly increased risk of kidney cancer was detected in the present metaanalysis. Animal experimental studies have provided convincing evidence for the induction of renal adenoma and carcinoma after oral doses of lead acetate or lead subacetate and parenteral doses of lead phosphate in rats and mice.2 Calabrese and Baldwin proposed that the enhanced susceptibility of renal epithelial cells to mitogenicity induced by lead may contribute to the carcinogenic response seen in this target organ.56 Combining these findings with an increased PMR for kidney cancer, of borderline significance, among plumbers and pipefitters3' and two cases of kidney cancer associated with heavy exposure to lead," 12 the evidence is still inadequate to either confirm or rule out an association between kidney cancer and exposure to lead.
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